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SUMMARY 

Advanced methods have been developed to determine time-varying winds and turbulence from digital flight-data recorders 
carried aboard modem airliners. Analysis of several cases involving severe clear-air turbulence encounters at cruise altitudes has 
shown that the aircraft encountered vortex arrays generated by destabilized wind-shear layers above mountains or thunderstorms. 
A model has been developed to identify the strength, size, and spacing of vortex arrays. This model is used to study the effects of 
severe wind hazards on operational safety for different types of aircraft. The study demonstrates that small remotely piloted vehi- 
cles and executive aircraft exhibit more violent behavior than do large airliners during encounters with high-altitude vortices. 
Analysis of digital flight data from the accident at Dallas/Ft. Worth in 1985 indicates that the aircraft encountered a microburst 
with rapidly changing winds embedded in a strong outflow near the ground. A multiple-vortex-ring model has been developed to 
represent the microburst wind pattern. This model can be used in flight simulators to better understand the control problems in 
severe microburst encounters. 


1. INTRODUCTION 

Flight encounters with severe atmospheric disturbances are a continuing problem that must be better understood to improve 
safety. One way to investigate the nature and cause of severe disturbances is through the analysis of airline flight records. In the 
past, analysis was hindered by insufficient data. Recent encounters have involved modem airliners equipped with multichannel, 
digital flight-data recorders (DFDRs). These digital records, along with air traffic control (ATC) radar position records, provide a 
means of determining and analyzing the turbulent wind environment (Ref. 1). 

In conjunction with the National Transportation Safety Board (NTSB), researchers from Ames Research Center have ana- 
lyzed a series of disturbance encounters, listed in Table I, involving airliners equipped with DFDRs. The severe atmospheric 
disturbances to be considered in this report include high-altitude turbulence and low-level microbursts. 


TABLE I - DIGITAL FLIGHT RECORDS FROM AIRLINE ENCOUNTERS WITH SEVERE ATMOSPHERIC 

DISTURBANCES. 


DATE 

AIRCRAFT 

LOCATION 

OPERATION 

DISTURBANCE 

6775 

L1011 

JFK, NY 

Go-around 

Microburst 

11775 

DC 10 

Calgary, Canada 

33,000' 

Clear air turbulence 

4/81 

DC10 

Hannibal, MO 

37,000' 

Clear air turbulence 

7/82 

DC10 

Morton, WY 

39,000' 

Clear air turbulence 

10/83 

DC10 

Near Bermuda 

37,000’ 

Convective turbulence 

11/83 

L1011 

Offshore SC 

37,000' 

Clear air turbulence 

1/85 

B747 

Over Greenland 

33.000’ 

Clear air turbulence 

2/85 

B747 

Over Greenland 

33,000’ 

Clear air turbulence 

2/85 

B747SP 

Offshore CA 

41,000’ 

Wind shear 

8/85 

L1011 

Dallas/Ft. Worth, TX 

Landing 

Microburst 

8/85 

MD80 

Dallas/Ft. Worth, TX 

Go-around 

Microburst 

11/85 

B747 

Over Greenland 

33,000’ 

Clear air turbulence 

3/86 

B747 

Offshore Hawaii 

33,000’ 

Clear air turbulence 

4/86 

DC 10 

Jamestown, NY 

40,000’ 

Wind shear 

7/86 

A300 

West Palm Beach, FL 

20,000’ 

Convective turbulence 

9/87 

Lion 

Near Bermuda 

31,000’ 

Convective turbulence 

11/87 

A310 

Near Bermuda 

33,000’ 

Convective turbulence 

1/88 

B767 

Chicago, IL 

25,000’ 

Convective turbulence 

3/88 

B767 

Cimarron, NM 

33,000’ 

Clear air turbulence 


High-altitude turbulence (Fig. la) results from the growth and breakdown of stratified shear layers (Refs. 2-7). This distur- 
bance is usually referred to as "clear-air turbulence" and is associated with a strong inversion in air temperature and a strong verti- 
cal shear in horizontal winds. These conditions are often in the regions of the tropopause and the associated jet streams. The most 
severe encounters are frequently above mountains or thunderstorms. Some of the severe clear-air turbulence encounters for airlin- 
ers equipped with the DFDR are discussed in Refs. 8-10. 
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Microbursts (Fig. lb) arc intense downdrafts that 
impact the surface and cause strong outflows (Refs. 11-13). 
They are associated with thunderstorms, and usually occur 
during the summer. The accident of Delta Airlines flight 191 
in August 1985 involved a microburst at the Dallas/Ft. Worth 
airport (DFW). This aircraft and the following American Air- 
lines flight 539, which made a go-around through the DFW 
microburst, were both equipped with DFDRs. Some back- 
ground information about the DFW microburst can be found in 
Refs. 14-20. 

This paper considers the usefulness of DFDR data in 
analyzing aircraft encounters with clear-air turbulence and low- 
level microbursts, and presents some findings regarding the 
nature of these phenomena. In particular, it is shown that the 
winds encountered in both types of atmospheric disturbances 
can be modeled deterministically. In the case of clear-air tur- 
bulence, the winds are represented by a Kelvin-Helmholtz vor- 
tex-array model. In the case of the DFW microburst, the winds 
are represented by a multiple-vortex-ring model. The method 
used to analyze the the flight records is described first. Its 
application to clear-air turbulence encounters is presented, fol- 
lowed by an analysis of the DFW microburst encounter. 




Figure 1. Two types of severe atmospheric disturbances. 


2. ANALYSIS METHOD 

Airliners certified in 1969 or later are equipped with DFDRs which record an extensive set of variables (Table II). These 
digital flight records, along with ATC tracking data, can be used to determine the time histories in the three components of the 
winds along the aircraft flightpath (Ref. 1). In this analysis the accelerations measured aboard the aircraft are integrated to deter- 
mine the time history of the flightpath that provides the best match to the ATC radar position data and the DFDR barometric alti- 
tude data. The wind velocity is computed as the difference between the vehicle inertial velocity and its velocity with respect to the 
airmass. A block diagram of the general analysis procedure is shown in Fig. 2. 

The equations of motion are in an Earth frame with the x-axis pointing north, the y-axis pointing east, and the h-axis verti- 
cal (z axis down): 

x = a x cosO cosy + a y (sin<|> sinG cosy - cos<|> siny ) + a z (cos<t> sinG cosy + sin<|> siny ) 
y = a x cosG siny + a y (sin<b sinG siny + cos$ cosy ) + a z (cos<^ sinG siny - sin$ cosy ) 
h = a x sinG - ( a y sin4> + azCOS<t>)cosG - g 

where a x , a y f and % are the body-axis accelerations, and ty, 0, and y are the body-axis Euler angles. Integration of these differ- 
ential equations provides estimates of inertial velocity (x,y,h) and position (x,y,h). A set of initial conditions and bias corrections 
is determined by matching the calculated x and y time-histories to ATC radar position data and by matching the calculated h 
time history to the DFDR barometric altitude data. 


TABLE II - TYPICAL DIGITAL FLIGHT DATA RECORDER MEASUREMENTS 
FOR DIFFERENT AIRCRAFT. 


VARI ABLE 


Normal acceleration 
Lateral acceleration 
Longitudinal acceleration 
Roll angle 
Pitch angle 
Heading angle 
Angle-of-attack vanes 
Pressure altitude 
Indicated airspeed 
Elevator deflection 
Rudder deflection 
Engine thrust 
Air temperature 


non 

DCIfl 

MDgQ 

1 1 KA1J 

BHZ 

b. per sec 
B747SP 

B26Z 

4 

4 

8 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

1 

4 

4 

4 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

- 

- 

- 

2 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

1/4 

1/4 

1 

1/4 

1/4 

1 

1/2 

1/2 

1 

- 

- 

1 




r 
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The wind vector is computed as 
W x = x - V cosy a cos Y a 
W y = y - V siny a cos y a 


W h = h - V siny a 


where the true airspeed V is computed from the flight records, 
and the wind-axis Euler angles (Y a » Va) **£ computed using the 
identities 

sin Y a = cosa cosp sin8 - C cosQ 

tan(y a - \j/) = (sinp cos<> - sina cosp sin<|>)/(cosa cosp cos0 
+ C sinO) 

C = sina cosP cos<j> + sinP sin<> 

where a is the angle of attack and p is the angle of sideslip. 

The angle of attack a was derived from onboard- 
recorded vane angles. For aircraft without recorded vane 
angles, the angle of attack a was determined through the 
equation 

C L = C L (a, S f ) + Cu* 8 C + CufiqfZV) 




Figure 2. Reconstruction of severe winds from flight and ATC 
records. 


wnere C^a, 8f), Cl^, and are based on the aircraft aerodynamic characteristics, and the lift coefficient Cl was calculated 
using the aircraft weight along with the lift acceleration and dynamic pressure from the DFDR. The flap position 8f, elevator 
position 5 e , and pitch rate q were derived from the DFDR, leaving the angle of attack a as the variable to be determined. (This 
method of deriving unmeasured flow angles is discussed further in Ref. 21.) 

In a similar manner, the angle of sideslip P was determined through the equation 

C Y = C Yp P + C Y5r 5r + Cy r (br/2V) 

where Cyp, Cy gr , and Cy r are based on the aircraft aerodynamic characteristics, and the side-force coefficient Cy was calculated 
using the aircraft weight along with the side acceleration and dynamic pressure from the DFDR. The rudder position 5r and the 
yaw rate r were derived from the DFDR, leaving the angle of sideslip p as the variable to be determined. 


3. APPLICATIONS 

3.1 High- Altitude Turbulence 

High-altitude clear-air turbulence encounters usually 
occur in the region of the tropopause. The tropopause altitude 
varies with the season and the location. The upper plot in 
Fig. 3 shows recent severe turbulence encounters as a function 
of altitude and time of year. Also shown are the average tro- 
popause heights for 30° and 45° N. lat. (Ref. 22), Generally, 
this distribution of turbulence encounters follows the trends for 
the average tropopause heights. That is, the encounters occur 
at lower altitudes in the winter months and at higher altitudes in 
the summer months. The lower plot in Fig. 3 presents the dis- 
tribution of 12,678 reports of moderate to severe turbulence, 
from a special survey of airline pilots taken in 1960-62 (Ref. 7). 
These data indicate that turbulence occurred most often in the 
winter months, peaking in February. At the time of the survey, 
airliners usually cruised at altitudes of 31,000 to 33,000 ft, and 
would be in the region of the tropopause primarily in the winter 
months. However, many of today’s aircraft cruise at higher 
altitudes, and spend more time in the region of the tropopause 
throughout the year. At altitudes from 35,000 to 41,000 ft the 
aircraft are in the region of the tropopause in the fall and 
spring. 


RECENT ENCOUNTERS 



Figure 3. Severe turbulence encounters shown with altitude 
and time of year. 
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Many clear-air-turbulence encounters occurred near or over a landmass where meteorological soundings provide wind and 
temperature profiles, ground weather radar observations provide information about nearby convective activity, and ATC radar 
records provide information about the aircraft track. Representative encounters are illustrated in Fig. 4. Note that the encounters 
were associated with low-level barriers such as mountain ranges or thunderstorm lines. The encounters were found to occur at 
about 15 to 30 miles downwind of these low-level obstacles. 

Temperature profiles for the encounters of Fig. 4 are presented in Fig. 5. The sounding records in Fig. 5 indicate a strong 
temperature inversion at the tropopause. Previous studies (Refs. 2-4) have noted that a strong temperature inversion becomes a 
destabilizing influence when the streamlines are tilted. The encounters analyzed here involved temperature inversions in conjunc- 
tion with lower-level barriers that could have tilted the streamlines and triggered Kelvin-Helmholtz instability (Refs. 2-4). 



<•) HANNIBAL, MO, APRI L (b) MORTON, WY, JULY 

37,000 ft. 39,000 ft. 





Figure 4. Overview of severe turbulence encounters at cruise Figure 5. Temperature inversion at the tropopause associated 

altitudes. with severe turbulence. 


A representative case is that of Fig. 4a, in which a DC- 10 encountered severe turbulence while cruising in an easterly 
direction at 37,000 ft in the jet steam in April near Hannibal, Missouri (Ref. 8). The encounter occurred shortly after the aircraft 
passed over a developing line of thunderstorms with cloud tops reported at about 30,000 ft. Using the technique described in the 
previous section, the horizontal wind W x and vertical wind W h were estimated. These estimates and the normal acceleration 
from the DFDR are presented in Fig. 6. The horizontal wind is shown to increase as the aircraft passes over the line of thunder- 
storms about 2.5 min before the turbulence encounter. The vertical winds in the period of severe turbulence appear as sharp up- 
and-down gusts about 5 sec apart The severity of the turbulence is apparent from the wide fluctuations in the normal acceleration 
from +1.7 to -1.0 g. 

These results appear consistent with previous studies (Refs. 2-6) in which the formation of Kelvin “cat‘s eyes” patterns in 
clear air was noted. To determine whether the derived winds could be accounted for by patterns of this type, an analysis was con- 
ducted to duplicate the time histories with vortex-array models (Refs. 8, 23). The DFDR-derived wind data were used with 
parameter identification techniques to determine the strength, size, and spacing of the vortex arrays. A vortex model for the 
Hannibal case is shown in Fig. 7. As shown in the lower graph, the general nature of this model is a vortex array located on the 
downslope with respect to the prevailing wind. The large spikes in vertical velocity arc caused by the passage of the aircraft 
through the solid- body cores of two vortices. These spikes provide significant evidence about the size and strength of the vortices. 
Each vortex has a diameter of 1,000 ft and a circumferential velocity of 87 ft/sec. The distance between the centers of the two sig- 
nificant vortices is 3,400 ft. A comparison of the modeled vertical and horizontal wind perturbations (solid lines) with the mea- 
sured winds (dashed lines) shows reasonably good agreement. This vortex model provides a means of studying the effects of these 
wind hazards on aircraft behavior and g load. 

Simulations have been done to provide information on the effects of these reconstructed vortices on the flight behavior for 
three types of aircraft: a remotely piloted vehicle (RPV), an executive jet, and a large commercial airliner. As shown in Fig. 8, the 
RPV undergoes a large change in pitch angle. With its relatively low speed, it has time to align with the local airspeed vector, and 
the pattern of the pitch angle variation is similar to the (inverse) pattern of the vertical wind. The executive aircraft exhibits peri- 
odic variations in pitch angle and g load. These variations are dependent upon the relationship between the time span of the vortex 
traverse and the aircrafts short oscillatory period. The large airliner exhibits only a small variation in pitch angle, because of the 
short time in vortex traverse and a long oscillatory period. The pattern of the g-load variation is similar to the pattern of the verti- 
cal wind. 



3-5 


S • 140 

QCZ 

o = 

I 5 120 





1:21 1:22 1:23 1:24 1:25 1:26 

GMT, hr:min 

Figure 6. Time-history data for a severe turbulence encounter 
over Hannibal, MO, April 1981. 
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Figure 7. Vortex- array model for a severe turbulence 
encounter over Hannibal, MO, April 1981. 
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DISTANCE, 1000 ft 

Figure 8. Simulation of a vortex encounter for different 
aircraft. 


3.2 Low-Level Mictobursts 

Flight and radar records from two airliners that pene- 
trated the 1985 DFW microburst have been analyzed. The first 
aircraft, Delta Airlines flight 191, encountered the microburst 
on final approach and contacted the ground about 1 mile short 
of the runway. The following aircraft, American Airlines flight 
539, made a go- around and flew through the microburst about 
2,500 ft above the ground. The results of the analysis are 
shown in Fig. 9. The data for the two aircraft are presented as a 
function of altitude and position with respect to the runway. 

The horizontal and vertical wind components (W x and W h ) are 
superimposed as vectors on the flightpaths. 

As Delta 191 descended through 900 ft approaching the 
runway, the vertical wind component W h increased to about 
15 ft/sec and the horizontal wind component W x increased to 
a headwind of over 50 ft/sec. The aircraft then encountered a 
strong downflow followed by a rapid change in vertical wind 
direction, followed by further changes about 5 sec apart In the 
period of major downflow, the aircraft experienced vertical 
winds of -10 to -40 ft/sec. During the encounter, the 50-ft/sec 
headwind changed to a tailwind of over 50 ft/sec. 

American 539, the following aircraft, executed a go- 
around at 1400 ft above the ground and then climbed to an 
altitude of 2500 ft where it penetrated the microburst. The 
analysis shows that the aircraft first experienced an updraft W h 
of about 15 ft/sec and a headwind W x of 15 ft/sec. The air- 
craft then encountered a strong downflow over a fairly large 
distance, followed by a strong updraft. In the period of major 
downflow, the aircraft experienced vertical winds of -10 to 
-40 ft/sec. During this encounter, the 15 ft/sec headwind 
changed to a tailwind of over 25 ft/sec. 
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In comparing the magnitudes of the changes in the 
horizontal winds W x , we can see that Delta 191 was nearer the 
ground and experienced the stronger horizontal divergence 
from the microburst The data indicate that there was a head- 
wind-tailwind change of 100 ft/sec for Delta 191 , and 40 ft/sec 
for American 539. Note that the overall change from a head- 
wind to a tailwind occurred at nearly the same location over the 
ground for the two aircraft. This suggests that the center of the 
microburst had not changed location appreciably between the 
times that the two sets of measurements were made. American 
539 passed through the center of the microburst about 1 10 sec 
after Delta 191 did. 

It can be observed that the region of the downflow 
measured for American 539 is larger than that for Delta 191 . 
American 539 entered the region of the downflow about 0.5 n. 
mi. farther out from the runway than did Delta 191 . Also, the 
data from American 539 indicate that portions of the downflow 
had extended to near the end of the runway. The total region of 
downflow measured by American 539 was about 3 n. mi. in 
diameter. This indication of an expanding microburst is con- 
sistent with meteorological data gathered at the DFW airport 
(Ref. 16) and with a numerical simulation of the DFW down- 
burst (Ref. 19). These studies indicate that the storm had 
reached the end of the runway and had expanded to about 
3.7 n. mi. in diameter near ground level when American 539 
traversed the microburst. 

The Ames analysis shows several rapid and large 
changes in winds within the microburst. Previous studies 
(Refs. 12, 24-26) have indicated that microbursts might involve 
vortices that induce variations in the internal winds. Those 
studies indicate that when a vortex nears the ground its vortic- 
ity increases, providing a mechanism for large fluctuations in 
wind velocity. 

A multiple-vortex-ring model has been developed to 
represent the wind pattern in the DFW microburst (Ref. 27). 

The vortex model for American 539, which made a complete 
passage through the microburst, is shown in Fig. 10. As shown 
in the lower graph, the general nature of this model is a large 
outer ring with a smaller inner ring near the center of the 
microburst. The outer ring has a diameter of 15,000 ft with a 
vortex core diameter of 3000 ft. The inner ring has a diameter 
of 2500 ft with a vortex core diameter of 900 ft. A comparison 
of the modeled vertical and horizontal wind perturbations (solid 
lines) with the measured winds (dashed lines) shows reason- 
ably good agreement. The multiple-vortex-ring model provides 
a way to mathematically describe the wind pattern within the 
microburst. The model provides a deterministic, rather than 
random, means of analyzing the internal velocity fluctuations. 



Figure 9. Wind vectors at the Dallas/Ft. Worth Airport, August 
1985, reconstructed from flight records of two aircraft. 

ACTUAL 



Figure 10. Multiple-vortex-ring model of the DFW microburst. 


4. CONCLUDING REMARKS 

Analysis of a series of cases involving severe turbulence at cruise altitudes has shown that the aircraft encountered vortex • 

arrays generated by wind-shear layers associated with strong temperature inversions near the tropopause. The destabilization of 
the wind- shear layers was caused by low-level barriers such as mountain ranges or thunderstorm lines. The wind pattern in these 
severe turbulence encounters have been identified through the development of vortex-array models . The analysis identified the 

strength, size, and spacing of the vortex arrays, providing a means of studying the effects of these severe wind hazards on opera- * 

tional safety. Modem aircraft are spending more time at higher altitudes near the tropopause, where this severe turbulence occurs. 

Simulation studies have shown that small RPV and executive aircraft are more prone to violent dynamic behavior than are large 
airliners during encounters with high-altitude vortices . 

Data from the Delta 191 accident show that the aircraft encountered a strong microburst downflow followed by a strong 
outflow accompanied by large and rapid changes in vertical wind. Data from American 539 recorded during the go-around indi- 
cate a broad pattern of downflow in the microburst, with regions of upflow at the extreme edges. The combined results indicate a 
microburst that was increasing in size with vortex-induced velocity fluctuations embedded in a strong outflow near the ground. 

The wind pattern in the DFW microburst has been identified through the development of a multiple-vortex-ring model. The results 
show a large vortex ring at the leading edge of the microburst and a smaller vortex ring embedded in the downflow. The study 
provides a realistic model of the wind field that can be used in flight simulators to better understand the control problems in severe 
microburst encounters. 
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16. Abstract 

Advanced methods have been developed to determine time- varying winds and turbulence from digi- 
tal flight-data recorders carried aboard modem airliners. Analysis of several cases involving severe 
clear-air turbulence encounters at cruise altitudes has shown that the aircraft encountered vortex arrays 
generated by destabilized wind-shear layers above mountains or thunderstorms. A model has been 
developed to identify the strength, size, and spacing of vortex arrays. This model is used to study the 
effects of severe wind hazards on operational safety for different types of aircraft. The study demon- 
strates that small remotely piloted vehicles and executive aircraft exhibit more violent behavior than do 
large airliners during encounters with high-altitude vortices. Analysis of digital flight data from the 
accident at Dallas/Ft. Worth in 1985 indicates that the aircraft encountered a microburst with rapidly 
changing winds embedded in a strong outflow near the ground. A multiple-vortex-ring model has been 
developed to represent the microburst wind pattern. This model can be used in flight simulators to better 
understand the control problems in severe microburst encounters. 
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